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The invention relates te combustion :of pUl- 
verized solid fuel and it has ':for an .objeCt to 
provide a combustoï,capable 'of handling solid 
fuel u]verJzed fine enough te pïo'duce-motive 
fluid for tuïbfl]e operation and in which "the 
so]id non-combustib]e partic]es are se .fine as 
te obey the ]aws of gas fiow with0ut 'precipita- 
tion as ash .or slag. 
A further object o:[ thelinvention'is te suppy 
pulverized solid -fue] with suiïicient air ïto-an 
ignition zone of a combustor te .burn Off the 
volatile component arïd sIppor.t combustion of 
the non-volatile comPonent te an extent' ade- 
quate te insuïe of detivery'to a combustion zone 
of the non-volatile .component preheated suffi- 
cient]y te maintain .ignition'theï, eof in'.the latter 
zone for complexe combustion suppoïted'b.y. addi- 
tional air supp]ied:to such-zone. 
.A furtheï object Of ;the invention is. te ,pro- 
duce gaseous motive «fluid-for qeration .of «a 
gas turbine by the combustion Ofpu]verized..'îue] 
and dilufion of 'the products 'of :combustion 'in 
three successive stages or-zones ino]vin._g 'igni- 
tion and buï3ing of the Folatile component and 
pïeheating of the non-volatile 'component fol- 
lowed by combustion Of "the latter and--thon re- 
ducing the tempeïatuïe of'¢he-protucts.Of/c0m - 
bustion,/the three stages or "zones being-de,er- 
mine d by ' the manneï -' in =,which - air- is- utiized; 
sufficient air, along with - putTerized fuel, :being 
supplied te the .fit stage .oï:zone "foï.'bul'ning 
off the-volatile .comPonent and to support com- 
bustion of the 'non,volatile .conïloent'o the 
extent required te maintain he non-v0]atile 
component de]iveïed.to he. second-stage-or.zone 
ai ]east at the ignition 'ternperaturWof such 
component, sufiïcient a{ï 'being "supplied )te the 
second stage or zone te complete 'combustion, 
and sufficient dilutionair being.-supplied te the 
third stage or zone te rendeï..the "pïoducts .of 
combustion suitab]e :foï-opeïation .ofthe turbine. 
A gas turbine, is :ol'di!ari]y opeïted 'by motive 
fiuid mixture uïnished fr.om "a :eonibustor sup- 
p]ied wih tïne]y divided or atomized "fuel. and 
air. Whi]e, for the saine !artic]e .size-d'_mtlbu- 
tion, here is no essential diffeïence in cern.bus- 
tion characteristics .of.atonïized..iquiduel .:nd 
pulverized coal,-it is-necessaïy that coal be 
heated te a higher tempeïatm'e for «ignition. 
Pulverized--coal may Tequ}re-a temperatl.re 'of 
the order of frein 1200 te 1400 degrees.Fhïen - 
heit, whi]e ' the 'temperature,,required. for tiquid 
fuel, such--as kerosene, .is-,ve'y- much lower...As 
the vo!ati]e component of so]id fuel must:be 
burned off -before-,combustion.- of the0 non-volatile 
component tkes plaee-anl.,as he ::ignition ite m. 
peratul, e. h.as .robe maintained '-foï-a saisfactol:¢ 
combustion.of the':nón-velatIe.component, the 
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pulverized fuel.is .suppled .to-an-iniion,zone 
in which the volatile component -is vaporized, 
inited, and-bürned, and combustion, of .the nón- 
voltfle ¢omponent takes -place sufficiently .te 
 maintain '.ignition in .the-combustion .zone of .the 
non-vo]atite ,comportent-supplied te he latter 
frein the ignition zone. Theïefore, 'for pulver- 
ized -fuel, net only-should theïe be an ignition 
zone of -adequate -.diameter  for .intermingting  of 
10 entering-fuel and-air, ,but it shou]d-be .ïelated 
te the.-succeeding. combustion -zone .se that heat 
f.rom .the .latter-assures of volati].izing,, 4gnition 
and .burning off of the-.volatite  eomponent with- 
in a re]atively, short distanee- of travel, sxially 
15 of the .combustoï. without such volatile compo- 
rtent bein .caoE'ïied along and buïned with the 
non-volatile component in fhe-eómbustien .zone, 
the .latter type-of eombustion .ïesulting in a 
longer-fiame-and; .therefore,-requiring a very 
0 much ']ongeï-combustoï 'than ..wheïe burning of 
the volatile- cómponent, is. completed.in the igni- 
tion zone. -.Also, heat.f.rom the cómbustion zone 
assu.res of combustion of the.nón-vo]atile com- 
ponent"in-the ignition.zone te the extent ïequired 
25 for de]i.very of the non-vo]ati]e component te 
the combusçion, zone-at toast at:its ignitión tem- 
peïature. To-provide , motie.-fluid , of a. empera- 
ture'suitable  foïthe :turbine, - the high .tempera- 
ture .of the gïseous combustion preducts and 
30 excess air .aze .delivered 'frein .the cómbustion 
zone te a .quenehing zone .wheïe they are. di]uted 
with furtheï air. Te achieve all of these-pur- 
poses, I provide, a. combustoï ith thïee.-ïegions 
of air-admission spaced .apart in a downstïeam 
35 direction and With pu]verized .fuel supptied te 
the first ïegion.of .aiï.'admissionat.the upstream 
end-of-the cómbustoï,..the:portion of.the com- 
bustòï upstresm frein ..the.second ïegión-of. air 
admission ..constituting . the .ignition. zone, .the 
40 portion between :.the second and thiïd regiöns 
defining :a cembusión .zone, ,and the portion 
d0wnstream 'frein .the thi.rd .-región .providing  a 
cóotingor quenehing-'zóne. 
-Air is admitted in. such--proportions to :t-ho 
45 regions .,atong the .còmbustoï-t-hat-the volatile 
component--is ;burned off ::in .the i.gnition ,zone 
and combugtion of :the non-v01ati!e compenent 
takes place te the extent ïequiïed te maintan 
thecombustion ,zone.at least, at the :i-gnit4on»tem- 
50 peïtul, e 'of the ,non-volatile cómponent, that 
combustion, is eómpléted, in,the, combustion zone, 
and: hs:t the.'tempm, atuïe, is-.reduced .sufficientt.y 
in t-he quenching..zone. A::high:ïate..of heat.re- 
lease ..and. minimum .size, ::larticularly ..length,.of 
55 t .he-combustor- are-assured.,by:limiting the. excess 
air. and by,::thorough. mixing, of.the: fel, and.air 
se ':that cembustien. preeeds.:slt as high a :tem- 
peïature as .:pïacticab]e te ..reduce the .rime re- 
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quired therefor and by supplying the fuel and 
air fo the combustor so that the inlet velocities 
thereof merely serve a mixing purpose and do 
hot contribute fo the combustor downstream 
velocities which are due entirely fo volumetric 
inputs and the prevailing temperatures. 
To burn off the volatile comportent and sup- 
port combustion of the non-volatile component 
fo the extent indicated, the air admitted to the 
ignition zone is restricted fo from twenty-five fo 
fiïty percent of that required for complete com- 
bustion; and the air admitted fo the second or 
combustion zone is limited fo that required for 
good combustion with the excess held as low as 
practicable, for example, ïrom ten fo thirty per- 
cent, fo provide a temperature high enough for 
rapid combustion; and the air supplied fo the 
quenching zone is restricted fo that required 
for the temperature desired. 
Intimate and thorough mixture of fuel and 
air and of gaseous combustion products and air 
fo secure more uniform and rapid combustion 
and cooling are provided by admitting the fuel 
and air through numerous nozzles disposed cir- 
cumferentially of the combustor. As the ig- 
nition zone is open fo the combustion zone, heat 
radiated from the latter into the ignition zone 
is absorbed by the fuel in the latter and, with 
heat evolved due fo combustion of the volatile 
component, vaporizes and ignites the volatile 
component and maintains the ignition tempera- 
ture in the ignition zone, the air supplied being 
suflicient for combustion of the volatile com- 
ponent and of the non-volatile component fo the 
extent required for maintenance of ignition in 
the combustion zone. Aside from admission of 
the fuel and air to the ignition zone with a tan- 
gential comportent effective to promote admix- 
ture, particularly where each fuel nozzle is dis- 
posed adjacent fo an air nozzle, such admission, 
coupled with slight tflting of the combustion and 
quenching zone nozzles upstream, is effective 
fo maintain more uniïorm fiow conditions in the 
combustor. In addition, where the combustor 
wall is subject fo high temperatures, as with the 
portion thereof bounding the combustion zone, 
air is admitted for fiow therealong downstream 
fo protect the wall against the effects of over- 
heating. 
Accordingly, a further object of the invention 
is fo provide a combustor supplied with pul- 
verized fuel and air and operating, first, fo 
vaporize the volatile component of the fuel, ig- 
nite and support complete combustion of such 
component, and combustion of the non-volatile 
component fo preheat the latter fo maintain ig- 
nition thereof, next, fo supply additional air for 
combustion of the preheated component, and 
then fo add further air fo the hot products of 
combustion fo reduce temperature of the mix- 
ture fo that desired for gas turbine operation, 
with the steps of combustion and temperature 
reduction, or quenching, each taking place in 
such manner that the combustor length is mini- 
mized. 
A further object of the invention is fo provide 
a circumferential group of nozzles for supplying 
fuel and air substantially radially into the up- 
stream end of the combustor, a second aircum- 
ferential group of nozzles spaced downstream oî 
the combustor from the first group for supplying 
air substantially radially into the combustor, and 
a third circumferential group of nozzles spaced 
downstream along the combustor from the sec- 
ond group for discharging air substantially 
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radially into the combustor, the portion of the 
combustor between the first and second groups 
oï nozzles bounding a first zone in which the 
entering fuel and air mix, the volatile fuel com- 
5 portent is completely vaporized and burned, and 
the non-volatile comportent is preheated fo main- 
tain ignition ïor complete combustion thereoï 
in a second zonebounded by the portion of the 
combustor between the second and third nozzles 
l0 and the portion of the combustor between the 
latter nozzles and the ourlet at the downstream 
end of the combustor bounding a third zone in 
which air mixes with the hot products of com- 
bustion and excess air coming ïrom the second 
15 zone fo provide motive fluid mixture of the tem- 
perature desired for gas turbine operation. 
A further object of the invention is fo provide 
apparatus of the above character wherein the 
combustor wall bas nozzles or passages formed 
20 therein for discharging air downstream along 
the interior surface thereof wherever it is neces- 
sary fo protect the wall against high tempera- 
tures. 
A further object of the invention is to provide 
25 apparatus of the above character wherein the 
nozzles of the first group are arranged fo dis- 
charge fuel and air with a small tangential com- 
portent of direction fo produce slow rotation of 
the mixture in the combustor. 
30 Another object of the invention is to provide 
apparatus of the above character wherein the 
fuel and air nozzles of the first group are, re- 
spectively, arranged adjacent or coaxially fo pro- 
more mixing of the entering ïuel and air. 
35 Still another object oï the invention is fo pro- 
vide apparatus, as aïoresaid, wherein the nozzles 
for the third or quenching zone include a nozzle 
directed upstream and serVing to produce more 
uniïorm temperature conditions throughout 
40 transverse sections oi the stream approaching 
the combustor outlet. 
A further object of the invention is to provide 
appaatus of the above character wherein the 
air nozzles for the second and third zones each 
45 include long and short nozzles, with the long 
nozzles of the second group or those of both the 
second and third groups directed upstream fo a 
desired small extent. 
A further object of the invention is to provide 
50 apparatus of the above character wherein at 
least some of the air nozzles for the second zones 
are inclined upstream fo a small extent to pro- 
duce a slight counterflow oï hot combustion prod- 
ucts to aïd in the heating required in the fuel 
55 admission zone. 
The foregoing and other objects are effected 
by the invention as will be apparent from the 
following description and claires taken-in con- 
nection with the accompanying drawings, form- 
60 ing a part oi this application, in which: 
Fig. 1 is a schematic side elevational view of 
a plant incorporating the invention; 
Fig. 2 is a vertical sectional view of the im- 
proved gas turbine combustor; 
65 Fig. 3 is a plan view of the apparatus shown 
in Fig. 2; 
Fig. 4 is a sectional view taken along the line 
IV--IV of Fig. 2; 
Fig. 5 is an enlarged sectional view taken along 
70 the line V--V of Fig. 2 and showing the divider 
impeller; and 
Figs. 6 and q are sectional detail views showing 
modified ignition zone walls. 
In Fig. 1, there is shown a gas turbine plant 
75 including a compressor 8 and a gas turbine 9. 



A combusçor, ai lg,:is'sup!oliedWt%h firïely, tlivlded 
solid fuel from the ,distribUçoz, :'t |I, : and 
air from the comprëss0r ,8 fo ffect eombusti0n 
fo provide motive fiuîd "for :oioeration,.6oE tthe 
bine. Preferably, the distributoris supplied'with 
fuel in the form of ca1inair mitu_re from.the 
pulverizing and classifying appàratus, ai i2. The 
turbine also drives a generator 1,4 'oEor carrying 
the external 1oad. 
The combustor, ai |6, has an elongated coin- 0 
bustion chamber | bounded byacircumïerential 
wall | and an end wall ] al it upstream end. 
Iinely-divided fuel, preferably pulverized solid 
fuel or coal, and air are supplied fo 'the com- 
bustion chamber by a circumferential gr0up .of 15 
nozzles, al |8, including a circumferentïalseries 
of fuel nozzles |9 and a Circumferentil series 
of air nozzles 28 disposed reSpeCtively adjacen 
fo the fuel nozzles to promOte admiure of the 
entering fuel and air. 20 
As shown, the fuel snd air nozzles'are coaxial, 
the inner nozzles | 9 supplying coal-inir mixture 
and the encompassing nozzles 26 supplying air, 
suicient air being admitted with ..the fuël 
a combustion temperature high enough 'àbove 
the ignition point to assure of stability of ignition 
with complete burning of tle vaporized volatile 
fuel component and preheating ofthe 'non-Vola- 
tile component over a reIstively h0rt portion 
of the length of the combustor, preheating of 
the non-volatile fuel component serving to main- 
tain ignition oî such component undergoing com- 
bustion supported by additional äir, ss i!herein- 
after described. 
Itis tobe understood that any SUïtable 
rangement of fuel and-air nozzles may be used 
so long as the entering fuel and air immediatly 
intermingle or admix at the upstream 'end of 
the combustor OEor vaporizstion and burning of 
the volatile fuel component in an initial com- 0 
bustor zone of limited length. 
The fuel and air nozzles of the circmïerential 
group, at |, located atthe upstream end o the 
combustion chamber, that is, near .to the end 
wall , are uniformly spaced cirCumferentially 
of the combustor wall $, and extend through 
the latter and radially inward of .the çinterior 
surface thereof. Such nozzles are sufficîently 
numerous to assure of formation of a substan- 
tially uniform mixture at the upstrem end 0.f 
the combustor, the contiguous relation of the G0 
nozzles, the convergency ofthe Streams.issuing 
therefrom and impact of the streams, cntribut- 
ing to immediate mixture with little, if any, 
downstream motion, particularly as the 'nozzles 
are directed substantially radially of the com- 
bustor. Uniform mixing of the fuel and air may 
also be aided by having the nozzles slightly in- 
clined :' to give the entering media a .tangential 
component for slow rotati0n.in the combustor. 
The nozzles |9 for the Coal-in-air mixture are 
supplied by pipes 22 connected to the divider or 
distributor, at ||, operstive to secure substan- 
tially uniform distribution 0f the fuel and air 
mixture to the uniformly-spaced n0zzles 
While any divider or distributor capable o satis- 
fying the operating requirements may be Used, I 
prefer to use one such asdisclosed and claimed 
inmy application Serial No. 714557, flled Decem- 
ber 6, 1946 (now Patent No. 2474,477-granted 70 
June 28, 1949), for the reason that such a dis- 
tributor or divider assures ofa uniform feed and 
provides for variStion in.the feed rate by chang- 
ing the impeller speed. 
Briefiy,  the divider c0mprises n  mpëller 
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in thehousing 25. :The IZousing has an:impèller 
eye opening 26 supplied with: coal-in-air mixture 
ïrom a suitable source, .such as the pulverizing 
equipment, at |2, b meansofconduit a. The 
housing has an annular chamber :2 extending 
circumerentialty about the periphery ö the im- 
peller and open to the latter at its inner side. 
The fuel supply pipes :22 for-the fuel nozzles have 
their inlet ends in communication with the outer 
side of the annular chamber and such ends are 
uniormly s!oaced circumferentially about-the 
latter. The annular.chamber functions as an 
cumulator so that: energy derived from the im- 
peller is effecti-ve to produce flow through the 
n0zzles in an equalized manner with uniformity 
of the mixture 'of coal-in-air supplied to the 
nozzles. With the inletsof.thesupply pipes C- 
formly spaced cirCumferentially about the annu- 
1af chamber, with supply pipes of the same -flow 
resistance, and with like nozzles, itis ssured 
that all of the nozzles :will be supplied with 
uniform mixture and at the same rate. 
Air is preferably supplied to the nozzles 
from the air chamber or jacket 6 'encompassing 
the'combustor and having an inlet | to which 
airis supplied by any suitable means, such as the 
compressor. 6. 
Downstream from the circumferential group oï 
fuel and air nozzles, 
second ciicumferential-group of nozzles, at 32, 
including, for example, the circumïerentiùl sertes 
of nozzles 3 and 4, for admitting additional air 
to complete combustion of the fuel; and, further 
downstream, there are provided third nozzles, 
, including the circumferential sertes of nozzles 
 and  operative to supply air from the acket 
space  to cool the gaseous products of combus- 
tion suitably for turbine operation belote the 
mixture of gaseous products of combustion and 
air issue from the combustor ourlet opening or 
openings  into the chamber 9 connected tothe 
supply conduit 
To avoid the tendency to .the formation of 
central cote of combustion products hot enough 
to dmage turbine parts, particularly the nozzles 
thereof, the third nozzles, at , may also include 
a nozzle 4 located downstream from the nozzles 
 and arranged to discharge a stream of air up- 
stream of the combustor, such sir compensating 
for any inability of the cooling .air to penetrate 
effectively the stream of products of combustion, 
whereby the stream is more uniformly cooled 
throughout its fiowarea and a stream with a high 
temperature cote is avoided. 
Proportioning of the ir fo maintai n ignition 
in the combustion zone and hasten combustion 
in the latter nd to cool the gaseous media fo 
temperature suitable for turbine operation is se- 
cured by providing, in any suitable, mmuner, ig- 
nition, combustion and quenching zone nozzle 
groups and passages having suitable relativeflow 
areas. As shown, the nozzles 20, , , 6 and 
, as well as the small openings 49, are supplied 
from the jacket  and the nozzle  is supplied 
from the passage 2, both the jaket and the 
passage being supplied from the compressor. 
Distribution of ir from the packet to the nozzles 
and passages communicating therewithis secured 
by choice thereof as:to number and.size adequate 
for the relative fiows. 
With fuel and air supplied to the combustor 
by the means described, zoned combustion takes 
place. Vaporization of the volatilefuel compo- 
nent, ignition and burnïug thereof: and prëheat- 
ing 0f .the nonvolatile: component, occur inhe 
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zone A between the end wall 17 and the trans- 
verse section of the combustion chamber func- 
tionally determined by the nozzles 33 and indi- 
cated by the line a--a. The preheated non- 
volatile comportent leaving the initial zone A 
enters the second zone B in which the additional 
air admitted by the nozzles 33 and 34 is effective 
to burn such comportent completely, thereby fin- 
ishing the .combustion process, and radiant heat 
îrom the non-volatile fuel comportent undergoing 
combustion acts on the fuel in the ignition and 
volatile component combustion zone A to vaporize 
and insure ignition and complete combustion of 
the volatile comportent. The non-volatile com- 
ponent combustion zone B merges into a third, 
or cooling, zone indicated ai C and whose en- 
trance is fixed by the effect o'f the cooling ah" 
supplied through the third nozzles, at 35. 
The ignition, vaporizing and volatile com- 
bustion zone A is designed to permit intimate 
mixing of the in-coming fuel with an amount 
of in-coming air restricted to that required for 
complete combustion of the volatile component 
and preheating of the non-volatile comp0nent 
to maintain ignition of the latter undergoing 
combustion, supported by air supplied by the 
nozzles 33 and 34, in the zone B, with a limited 
lengthwise extent of the zone A, and, at the 
saine rime, to develop a combustion tempera- 
ture in the zone A which is suflicient for these 
purposes as well as to maintain ignition, with 
ease of lighting and stabflity of burning. Ex- 
perience indicates that air shou]d be from 
twenty-five to fifty per cent of that required 
for complete combustion. 
The downstream velocity in any part of the 
ignition zone should hot exceed the velocity cor- 
responding to the volume of fuel and air com- 
bustion products introduced into it. For this 
reason, the in-coming ïuel and air streams 
should hot have a downstream direction. Not 
only should the fuel and air enter in such man- 
ner and at high velocity to insure rapid mixing, 
but the fuel ve]ocity must be high enough to 
secure stable burning and to prevent fiash- 
backs in the fuel suppty lines, that is, the in- 
. coming fuel velocity must be maintained above 
the fia.me propagation velocity of the coal-in- 
air mixture being" used. For a stable "turn- 
down" range of ten to one, the fuel velocity 
should be of the order of ten rimes the flame 
propagation velocity, or around 12,000 feet per 
minute at the full load rating. 
The foregoing requirements for the initial 
zone for vaporization, ignition and combustion 
of the volatile comportent are met by having the 
ignition zone at the upstream end of the com- 
bustion .chamber 15, by having such zone open 
to receive radiant heat from the combustion 
zone, and by introducing a controlled ratio, of 
air and fuel through a large number of cir- 
cumferentially-arranged nozzles, at 13, each of 
which preferably includes coaxial fuel and air 
nozzles 19 and 2D, arranged to. deliver the fuel 
and air at the velocity required for mixing and 
stability even at the "turn-down" condition, 
and, at the saine rime, to impart no direct down- 
stream velocity to the fiow in the ignition zone. 
This result is effectively accomplished by hav- 
ing the nozzles, at 18, arranged to discharge fuel 
and air radia]ly inward of the ignition zone and 
preferably with a small circumferential com- 
portent of direction so that the mixed stream 
oï fuel and air will slowly rotate in the ignition 
zone. With these arrangements, carry-over of 
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unconsumed volatile component is guarded 
against, in consequence of which, hot only may 
the length of the combustor for the ignition 
zone be kept ata minimum, but excessive over- 
5 all length is avoided. 
While, as illustrated, each nozzle, at 18, com- 
prises coaxial fuel and air nozzles and is there- 
fore an arrangement which operates very effec- 
tively to. secure uniform mixing of the fuel and 
10 air, itis tobe understood that other circum- 
ferential arrangements of the fuel and air noz- 
zles may be usèd. 
The entrance fo the combustion zone B is 
fixed functionally by the air nozzles 33. The 
l nozzles 33 are provided, for example, by bell- 
mouthed tubular elements extending through 
the combustion chamber wall and inwardly of 
the combustion chamber to a desired extent, 
while the nozzles 34 are formed by openings 
-0 provided in the combustion chamber wall. With 
this arrangement of nozzles for supp]ying air 
to the combustion chamber, the air is more uni- 
formly distributed throughout the fiow area of 
the combustion chamber with more effective 
.5 penetration by the air supplied by the nozzles 
33. Freferably, the nozzles 33 are tflted toward 
the ignition zone to produce a slight counter- 
flow of hot combustion products to aid in heat- 
ing the fuel entering such zone. 
a0 In a gas turbine combustor, the products of 
combustion are automatically coo]ed down to a 
temperature suitable for gas turbine operation. 
At the present stage of deve]opment of the art, 
this temperature ranges between 1200 and 1600 
a degrees Fahrenheit. Therefore, the circumfer- 
ential group of cooling nozzles 35 and 37 sup- 
ply air to the combustion chamber to cool the 
products of combustion. Preferably, each of the 
nozzles 3] is comprised by a tubular element 
40 having a bell mouth to minimize nozzle entrance 
losses and a uniform diameter for a length about 
equal to twice the nozzle length. The jets is- 
suing from such nozzle tubes project the cool- 
ing air for greatest penetration toward the cen- 
t5 ter of the combustion chamber. The set of 
nozzles 35 are constituted merely by openings 
formed in the combustion chamber wall and the 
jets issuing from such openings mix with the 
combustion products closer to the combination 
50 chamber side walls. The long nozzle jets are 
desirable in the larger diameter type of com- 
bustors, such as are requh'ed for burning of 
pulverized fuel. 
Existing types of liquid fuel combustors have 
5 shown a strong tendency to forma center cote 
of extremely hot combustion products which 
damage gas turbine parts, particularly the inlet 
nozzles thereof. This tendency results from the 
inability of the cooling jets to penetrate to the 
60 center of the combustor and distribute the cooling 
ah" properly. To provide against this contin- 
gency, the combustor may, if necessary, be 
equipped with a centrally located upstream- 
directed nozzle [ arranged downstream a suit- 
65 able distance from the cooling air nozzles 3@ and 
37 and the nozzle 41 may be supplied with ap- 
proximately twenty-five per cent of the volume 
of cooling air which is delivered by the cooling 
nozzles. Preferably, the nozzle 4[ is supplied by 
70 a passage 2 having a valve or orifice defining 
means 43 so that the upstream penetration of 
the cooling air issuing therefrom will extend to 
the plane in which the radiaily-directed jets de- 
liver their cooling air. With such orifice means 
75 properly set, no further adjustment thereof is 



60190 

zequired. The air flowing thro.ugh the central 
nozzle 4 | will provide a blanket of cooling air 
which will afford some ceoling fo the herein- 
after described moral structure surrounding if. 
The circumferential or side wall 4 of the igni- 
tion zone or chamber A is shown as an imper- 
ïorate metaltic wall in Fig. 1, inasmuch as metals, 
for example, high chromo alloys, are available 
which will successfully w, ithstand temperatures 
around 1800 degrees F. Therefore, the only cool- 
ing for the wall 4 made of such an alloy is that 
provided by the normal air supply fo the com 
bustor. 
In Figs. 6: and 7, there are shown modifled 
heat-resistant walls 4a and 4b for the ignition 
zone, the wall 4a being er the water coeled 
jacketed type and the wall 4bof the refractory 
lined type. 
Below the ignition zone, he combustion cham- 
ber wall is preferably comprised by a wall con- 
struction 4 of stepped formation including 
nuiar portions 47 of progressively increasing 
dimeter joined together and. fo the upstream 
and downstream sections by means including 
radial portions .5 each provided with a circum- 
ferentia.1 series of axially-extending small open- 
ings 45 through which cooling air from the jacket 
space 3} passes and issues interiorly of the com- 
bustion chamber along the watl structure to effec- 
ti.vely cool the latter and fo prevent contact "of 
combustion gases therewith. 
The combustor may be either of the straight- 
through type or it may- discharge af right angles 
to: its axis, as illustrated in Fig. 2. Furthermore, 
as. shown in Fig. 2,. it is possible to change the 
direction of the combustion- preducts through an 
angle of about 180 .degrees, this change being 
ruade possible by means of deflecting metallic 
structure '5  surrounding the nozzte 4  and serv- 
ing to guide the cooled products of combustion 
and air as an annular stream for discharge 
through the openings 35. A baflle or defiector 
constrains the motive fluid issuing rom the open- 
ings fo fiow upwardly in entering the turbine 
supp,ly passage 5. Such change in direction 
giron to the products eï combustion as they leave 
the cembustor lrovides fe separation of solid 
particles by virtue of their velocity energ:, the 
particles, being prejected straight dovnstream to 
a suitable trap, the ltter lreferably being com- 
prised bya water bath 53 arranged in the ash pit. 
Not önly does the water of this arrangement 
insure the retention er !articles, such as slag or 
coke, but any water vaporized from the pit will 
pass off as steam in the motive fluid and. will not 
lower the efficiency of the combustor for any 
given ourlet temperature. The water supplied 
to thepit maF be contrelled by, any suitable liquid 
love! mean. 
Fr.om he foreg.oiug; if will be apparent that I 
ha,e provided a cembuster capable of burning 
finely puiverized soliduel to produce motive fluid 
suitable for turbiue operation nd in which the 
solid non-combustible particles are fiue enough 
fo. behave in accm:dance with the laws of gas 
flow without precipitation as slag or ash, this 
result being assured b: distributed sAmission of 
fuel and air or thorough interminglïng and 
zoned combustion, it heing important, to burn off 
the o!atile compónent:as rapidly as practicable 
to avoid a long flame and prolonged burning 
either in a suffciently long comhustor or motive 
fluid space, of the piping or .turbine. Because of 
the high ignition, temperature of. the non-volatile 
component, o$ the fuel the fuel. and air are sup- 
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plied so as fo secure combustion and quenching 
in zones. Fuel is SUl9plied wïth suflicient air fo 
burn off the volatile component in the ignition 
zone and to suR,port combustion of the non- 
5 volatile component to the extent required for 
delivery from the ignition fo the combustion 
zone of non-volatile component preheated suffi- 
ciently to maintain ignition in the latter' zone. 
Radiant heat from the combustion zone acts on 
10 the fuel entering the ignition fo effect rapid 
vaporization of the volatile component hot only 
to maintain, ignition and rapid combustion of the 
vaporized component but fo provide for ignition 
and burning of the non-volatile component to 
15 preheat the latter. The fuel-in-air mixture is 
supplied fo the ignition zone at a high e:nough 
velocity fo avoid "flash-back" over the normal 
load range. The preheated non-volatile fuel 
component entering the combustion zone meets 
0 with sufficient air for complete combustion af a 
high enough temperature for rapid combustion 
so that the non-volatile component may be com- 
pletely burned within a limited distance of travel 
along the combustor. Hot products of combus- 
2.5 tion and excess air flow from the second, or non- 
volatile combustion zone fo the third, or quench- 
ing, zone to which air is supplied by nozzles 
arranged to secure uniform mixture thereo,f with 
the hot products of combustion and air fo ,secure 
0 the desired cooling over a limited dîstance of 
travel along the combustor. 
By having the fuel and air enter the. combustor 
radially, the entering velocities do not involve the 
components lengthwise of the combustor, veloc- 
,5 ities along the latter depending entirely upon 
volumetric input, rates and temperature con- 
ditions therealong. Therefore, the rime of travel 
of the first zone is adequate for fuel and air mix- 
ing and for ignition, vaporization snd combustion 
40 of the volatile component. Both the air input 
to the second zone and the temperature con- 
ditions prevailing therein contribute to a higher 
velocity in the second zone, the volume of air 
supplied to the latter being about tw-ice that sup- 
45 plied to the first zone; however, the excess of 
such air to the second zone iS kept af a iow or 
nominal amount to provide for a high second 
zone temperature to enable combustion to take 
place rapidly and,. therefore, over a limi,ted length 
5O of travel of the Combustor. Furthermore, the 
radia.lly-entering aïr for the non-volatile com- 
ponsnt combustion and quenching.zones is pref- 
erably supplied, for each zone, by means of long 
and short nozzles, the long nozzles penetrating 
55 the interior of the combustor so as to supply air 
radially within the combustor stream and to 
supply air adjacent to the wall. Also, air nozzles 
of the non-volatile component combustion and 
quenching zones are preferably inclined upstream 
60 to produce a sligh£ caunterflow of hot products 
ta aid in providing the heating required in the 
ignition, or volatile fuel component combustion 
zone and fo prowide for .mixing of the cool air 
with hot products o combustion and air to secure 
65 a more uniorm temperatuze condition trans- 
versely of the combustor. 
Wherever overheating of the combustor wall 
is likely to occur, for example, the portion there- 
of bounding the combustion zona for the non- 
70 volatile component, such wall is protected by 
means of passages arranged fo dscharge air 
downstzeam along the interior wall surface. 
VCnile the invention has been shown in- several 
forms,, it ill be obvious fo those skilled, in: the 
75 art that if is not. so. limited but-is, süsceptible of 



2601390 

11 
various other changes and modifications with0ut 
departing from the spirit thereof. 
What is claimed is: 
1. In apparatus utilizing pulverized solid fuel 
and air fo effect combustion fo produce motive 
fluid mixture of products of combustion and air 
suitable for turbine operation, an elongated com- 
bustor closed af ifs upstream end and provided 
with a motive fluid mixture ourlet af ifs down- 
stream end, a flrst circumferential group of 
nozzles for feeding fuel and air into the upstream 
end of the combustor substantially radially of 
the latter with the inlet velocities of the fuel and 
air used to mix the latter; a second circumfer- 
ential group of nozzles for supplying air into the 
combustor substantially radially of the latter; 
third nozzles for supplying air fo the combustor 
and including a third circumferential group 
ranged fo discharge air into the combustor sub- 
sntially ïadially of the latter; said second gïoup 
of nQzzles being spaced _downstream along the 
combustor from the flrst group so that the por- 
tion of the combustor between the groups bounds 
a flrst zone for vaporization, ignition, and burn- 
ing of the volatile comportent of the fuel and 
ïor combustion of the non-volatile comportent to 
preheat the latter af least to ifs ignition temper- 
ature and said third group of nozzles being spaced 
downstream along the combustor from the sec- 
ond group and upstream along the combustor 
from said ourlet so that the portion of the com- 
bustor between the second and third nozzle 
groups bounds a second zone for combustion of 
the non-volatile comportent of the fuel and the 
portion thereof between the third group and the 
ourlet bounds a third zone for reduction in temp- 
erature of the hot products of combustion and 
excess air entering thereinto from the second 
zone; continuity of the flrst and second zones 
providing for heat idiating from the non- 
volatile fuel comportent undergoing combustion 
in the second zone being applied to solid fuel 
particles in the first zone to assist in vaporizing, 
igniting and burning the volatile comportent 
thereof and in preheating the nonvolatile com- 
portent; and means providing for air being sup- 
plied by the flrst, second and third nozzle groups 
so that the air supplied by the flrst gïoup ex- 
ceeds that required for complete combustion of 
the volatile comportent in the first zone to pro- 
vide a combustion temperature normally" higheï 
than the minimum ignition temperature of such 
component to assure, under variable conditions 
and within the length of the first zone, of com- 
plete vaporization and combustion of the volatile 
comportent and of preheating the non-volatile 
comportent to the extent required for mainten- 
ance of ignition in the second zone, so that the 
air supplied by the second nozzle group nominally 
exceeds that required for complete combustion 
of the non-volatile comportent with the excess 
minimized to insure a maximum combustion 
temperature fo minimize the complete com- 
bustion reaction rime and consequently the 
length of flame within the second zone, and so 
that the air supplied by the third nozzle group 
is sulcient to reduce the temperature of hot 
products of combustion and excess air entering 
the third zone from the second zone to produce 
motive fluid mixture of desired temperature for 
turbine operation. 
2. Apparatus as claimed in claim 1 wherein 
the fuel nozzles and the air nozzles of the first 
circumferential group include a circumferential 
series of fuel nozzles and a circumfeïential series 
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of air nozzles disposed respectively circumferen- 
tially adjacent fo the fuel nozzles fo promote 
immediate mixing of fuel and air entering the 
first zone. 
5 3. Apparatus as claimed in claire 1 vherein 
the air nozzles of the flrst circumferential gro.up 
include a circumferential series of fuel nozzles 
and a ciïcumferential series of air nozzles co- 
axial with the respective fuel nozzles. 
[0 4. Apparatus as claimed in claim 1 wherein 
the nozzles of the second circumferential group 
include nozzles directed slightly upstream of 
the combustor. 
5. Apparatus as claimed in claire 1 wherein 
15 the nozzles of the second and third circurnferen- 
tial groups each include nozzles directed slightiy 
upstream of the combustor. 
6. Apparatus as claimed in claire 2 wherein 
the second and third circumferential groups of 
20 nozzles each include a circumferential row of 
nozzles provided by tubes extending through the 
combüstor wall. and having their inner ends 
spaced radially inward from the interior oï the 
latter and an adjacent circumferential row of 
2 nozzles forme d by openings in the combustor wall 
so as fo discharge substantially af the interior of 
the latter. 
7. Apparatus as claimed in claire 2 wherein 
the second and third circumferential groups of 
30 nozzles each include a ciïcumfeïential row of 
nozzles provided by tubes extending through the 
combustor wall and an adjacent circumferential 
row of nozzles pïovided by openings formed in 
the combustor wall with the inner ends of the 
 nozzle tubes spaced radially inward from the in- 
terior of the combustor wall and the inner ends 
of the nozzle openings located at the interior of 
such wall with the nozzle openings of the second 
circumferential group spaced downstream from 
) the nozzle tubes theïeof and with the nozzle 
openings of the thiïd circumfeïential groul 
spaced upstream from the nozzle tubes thereoî. 
8. Apparatus as claimed in claire 1 wherein 
the second and third circurnferential groups of 
nozzles each include a circumferential row of 
45 
nozzles provided by tubes extending through the 
combustor wall and an adjacent circumferential 
row of nozzles provided by openings formed in 
the combustor wall with the inner ends of the 
nozzle tubes spaced radially inward from the in- 
50 
terior of the combustor wall and with the inner 
ends of the nozzle openings af the interior of the 
latter and with the nozzle tubes of the flrst cir- 
cumferential group inclined slightly upstream of 
55 the combustoï. 
9. Apparatus as claimed in claire 1 wherein 
the second and third circum_ferential grouls of 
nozzles each include a circumferential row of 
nozzles provided by tubes extending through the 
0 combustor wall and an adjacent circumferential 
ïow of nozzles provided by openings formed in 
the combustor wall with the inner ends of the 
nozzle tubes spaced radially inward from the in- 
terior of the combustor wall and with the inner 
5 ends of the nozzle openings af the interioï of the 
latter and with the nozzle tubes of both the sec- 
ond and thiïd ciïcumfeïential gïoups inclined 
slightiy upstream of the combustor. 
10. In apparatus utilizing flnely pulverized 
ïo solid fuel and air fo effect combustion to produce 
motive fluid mixture of products of combustion 
and air suitable for turbine operation, an elon- 
gated combustor closed af ifs upstream end and 
provided with a motive fluid mixture ourlet af its 
75 downstream end; said combustor including up- 
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stream, intermediate, and downstream sections; 
said intermediate section being of stepped forma- 
tion and comprising a series of cylindrical por- 
tions of successively larger diameter in a down- 
stream direction and means including annular 
portions connecting the cylindrical portions te- 
 gerber and te adjacent ends of the upstream and 
dovcnstream sections; a first circumferential 
group of nozzles for feeding fuel and air into the 
upstream end of the combustor substantially 
radially of the latter with the inlet velocities of 
fuel and air used to mix the latter; a second cir- 
cumferential group of nozzles for discharging air 
substantially radially into the combustor ai or 
near the junction region of the upstream and in- 
termediate sections; third nozzles including a 
third circumferential group of nozzles arranged 
to discharge air radially into the combustor at 
or near the junction region of the intermediate 
and downstream sections; said annular portions 
each having a circumferential series of passages 
arranged te discharge air along the interior sur« 
faces of the cylindrical portions in a downstream 
direction; means for supplying finely divided fuel 
fo the fuel nozzles; and means for supplying air 
fo said passages and to the circumferential 
groups of air nozzles and including a jacket space 
communicating with said passages and air 
nozzles. 
11. In apparatus utitizing finely pulverized 
solid fuel and air to effect combustion to produce 
a mixture of products of combustion and air for 
gas turbine operation, a vertical elongated com- 
bustor closed at its upper end and provided with 
a motive fiuid mixture ourlet at its lower end; 
said combustor including upper, intermediate, 
and lower sections; said intermediate section be- 
ing of stepped formation and comprising a series 
of cylindrical portions of successively larger 
diameter in a downward direction and means 
including annular portions connecting the cy- 
lindrical portions together and to the adjacent 
ends of the upper and lower sections; a flrst 
circumferential group of nozzles for discharging 
fuel and air substantially radially into the upper 
section of the combustor near the upper end 
thereof; a second circumferential group of nozzles 
for discharging air substantially radially into the 
combustor at or near the junction region of the 
upper and intermediate sections; a third circum- 
ferential group of nozzles for discharging air 
substantially radially into the combustor at or 
near the junction region of the intermediate and 
lower sections; a nozzle disposed axially of the 
lower section and arranged te discharge air up- 
wardly; said upwardly-directed nozzle having its 
discharge arranged below the third circumferen- 
tial group of nozzles and above said ourlet; a 
defiector encompassing the upwardly-directed 
nozzle and cooperating with the lower section te 
deflne an annular flow passage; said annular 
portions each having a circumferential series of 
passages arranged to discharge air along the in- 
terior surfaces of the cylindrical portions in a 
downward direction; means for supplying finely 65 
divided fuel te the fuel nozzles; means for sup- 
plying air te said passages and te said circumfer- 
ential groups of air nozzles and including a jacket 
space communicating with said passages and with 
the air nozzles; means for supplying air te the ï0 
upwardly-directed nozzle; and means including 
said combustor ourlet te provide for change in 
direction of motive fiuid mixture fiowing along 
said annular passage and approaching the ourlet 
so that velocity energy of solid particles is effec- 75 
rive to separate the latter frein the mixture, 
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12. In combustion apparatus utilizing finely- 
pulverized solid fuel and air to produce a motive 
fluid mixture of products of combustion and air, 
an elongated combustor, a circumferential group 
 of radially-arranged fuel and air nozzles at the 
upstream end of the combustor, said fuel and air 
nozzles being respectively circumferentially ad- 
jacent, and means for admitting additional air to 
the combustor and spaced downstream from the 
10 nozzles to define, upstream of such means, an 
ignition zone, said air nozzles and said air ad- 
mission means providing for proportioning of the 
air supplied te the combustor so that the air 
supplied by the air nozzles suffices te support 
15 combustion of the volatile fuel comportent and 
combustion of the non-volatile component fo 
provide for the latter issuing from the ignition 
zone being preheated suflïciently to maintain 
ignition for combustion supported by air supplied 
£0 by such admission means and so that the air 
supplied by said admission means is suflïcient for 
combustion of the non-volatile component and 
dilution of the products of combustion to provide 
a motive fiuid mixture, said admission means 
£5 comprising radia]ty-arranged nozzles slïghtly 
inclined upstream of the combustor. 
13. In combustion apparatus utilizing finely- 
pulverized solid fuel and air te produce a motive 
fluid mixture of products of combustion and air, 
S0 an elongated combustor, a circumferential group 
of radially-arranged fuel and air nozzles et the 
upstream end of the combustor, said fuel and 
air nozzles being respectively circumferentially 
adjacent, and means for admitting additional air 
85 to the combustor and spaced downstream from 
the nozzles te define, upstream of such means, an 
ignition zone, said air nozzles and said air admis- 
sion means providing for proportioning of the 
air supplied te the combustor se that the air 
40 supplied by the air nozzles suflïces to support 
combustion of the volatile fuel comportent and 
combustion of the non-volatile component to 
provide for the latter issuing from the ignition 
zone being preheated suflïciently to maintain 
ignition for combustion supported by air supplied 
by such admission means and se that the air 
supplied by said admission means is sufficient 
for combustion of the non-volatile component 
and dilution of the products of combustion te 
provide a motive fiuid mixture, said air admission 
means including passages for supplying air for 
fiow along the inner surface of the combustor to 
protect the latter against overheating. 
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